Abstract
Introduction
Ž . Platelet-derived growth factor PDGF is a major mitogen and chemoattractant for vascular smooth muscle cells w x 1,2 . Two different PDGF chains termed A and B encoded by different genes have been identified leading to three different PDGF isoforms, the AA and BB homodimers and w x the AB heterodimer 3,4 . Although vascular smooth muscle cells secrete the AA-dimer exclusively, endothelial w x cells secrete a mixture of PDGF-AA, -BB, and -AB 5 . PDGF has been hypothesized to be responsible for intimal proliferation in atherosclerosis, and this hypothesis originated from the observations that platelets contain a mitogen for smooth muscle cells and that platelets accumulate and release their granules at the site of endothelial denudaw x tion 6,7 . The source of PDGF was presumed to be external to the vessel wall, in the from of blood borne platelets. However, in hypertension or hyperlipidemia, smooth muscle cell proliferation occurs without endothew x lial denudation and platelet aggregation 8 . PDGF is also synthesized and secreted by various cell types such as Ž . w x w x endothelial cells ECs 9-11 , macrophages 12-14 , ( )w x w x smooth muscle cells 15 and fibroblasts 16 at least in vitro. Since the above cell types are present in human atherosclerotic plaques, the PDGF hypothesis of atherogenesis has been modified to include the possible production w x of PDGF within the developing human intima 17 . Indeed the presence of local PDGF in the atheroma is supported by recent studies showing that PDGF-B mRNA can be detected by Northern blots of human carotid plaques rew x moved at surgery 18 . Similarly, in situ hybridization and immunocytochemistry of human atherosclerotic lesions have demonstrated localization of PDGF-A and -B mRNA w x in mesenchymal cells and ECs 19 , and PDGF-B protein w x in macrophages 20 .
Monocyte adhesion to the vascular endothelium and subendothelial migration are an early crucial event in the w x development of atherosclerosis 21-24 . This adhesion is mediated by specific adhesion molecules expressed on w x monocyte and EC surfaces 25,26 , and may play an important role in several biological functions, such as w x cytokine and gene induction 27-30 . However, little is known about whether cell-to-cell interaction of monocytes and ECs is able to induce the synthesis of PDGF. In the present study, we demonstrate that direct adhesion of monocytes to ECs induces PDGF synthesis in both types of cells. 
Methods

Reagents
Isolation of human monocytes
Mononuclear cells were prepared from heparinized venous blood of healthy adult donors as described previously w x 36,37 , using dextran sedimentation, centrifugation with Ficoll-Conray, and hypotonic lysis of contaminated erythrocytes. Monocytes were further purified from mononuclear cells by centrifugal elutriation with a Hitachi Ž .w x SRR6Y elutriation rotor Hitachi Ltd, Tokyo 37 . Mononuclear cell fractions contained 15% to 25% monocytes, 75% to 85% lymphocytes, and less than 1% neutrophils. Monocyte fractions contained more than 85-95% monocytes as determined by Wright-Giemsa staining of cytospin preparations. All of the fractions were resuspended in M-199 supplemented with 0.5% BSA, insulin Ž . Ž . 10 mgrml , transferrin 10 mgrml , 1% PS solution and Ž . 2 mmolrl glutamine assay medium as described previw x ously 38 .
Coculture and separate coculture of monocytes and ECs
EC monolayers cultured on gelatin-coated 48-multiwell Ž . plates Corning; Cambridge, MA in 200 ml EC medium were washed twice with assay medium. Monocytes were directly added to EC monolayers in 200 ml assay medium, incubated at 378C in a 5% CO humidified incubator for
. trifuged 10 min, 1500 g to remove cell debris and stored at y708C.
To determine whether the monocyte-EC-induced increase in PDGF production was mediated by cell-to-cell contact or by soluble factors produced by those cells, inner Ž . wells cell culture insert, catalogue No. 3495, Falcon were used to divide each well of a 24-well multiwell plates into w x two compartments 30 . ECs were cultured on the gelatin-Ž 5 coated lower compartment, grown to confluence 1.2 = 10 . cells , washed twice with assay medium, and incubated in 850 ml of assay medium. Monocyte suspensions containing 1.2 = 10 5 cells in 150 ml of assay medium were added to the upper compartment of the inner well. After 18 h of incubation at 378C, the media were collected and stored at y708C.
ELISA determination of PDGF
PDGF concentrations in conditioned medium were determined by ELISA according to the manufacture's instructions. This PDGF assay kit cross-reacts with human Ž . Ž . Ž . PDGF-AB 100% , PDGF-AA 10% , and PDGF-BB 2% . The lower level of the detection for PDGF-AB was 8.4 pgrml.
Northern blot analysis
Total RNA was prepared by the guanidine isothiocyanate-cesium chloride method. Equal amounts of total Ž . RNA 20 mg were size-fractionated by electrophoresis on denaturing 1.0% agaroserformaldehyde gels and trans-Ž q . ferred to nylon membranes Hybond N , Amersham . Hybridizations were performed with excess of 32 P-de-
A and -B cDNA probes specific activity ) 1 = 10 . cpmrmg DNA at 658C for 24 h. The PDGF-A probe consisted of a 1.3 kb EcoRIrEcoRI restriction fragment w x 39 . The PDGF-B probe consisted of a 0.9 kb w x EcoRIrBamHI restriction fragment 39 . At the end of hybridization, the filters were washed twice in 0.2 = SSC Ž at 608C 1= SSC contains 0.15 molrl NaCl, 0.015 molrl . sodium citrate, pH 7.0 , then exposed to Kodak XAR-5 film overnight at y708C with one intensifying screen. Ž . Monocytes 1.5 = 10 cells or IL-1b 25 Urml were added to the confluent EC layers on coverslips in eight-well Ž . culture plates Lab-Tek chamber slide; Nunc, IN . After incubation at 378C for 18 h, the ECs were rinsed with serum-free M-199 and fixed with 4% paraformaldehyde in PBS for 10 min at room temperature. Prior to staining, the slides were again fixed for 20 min in 0.3% H O in 2 2 methanol and rinsed in 0.1% Triton X-100rPBS, and nonspecific binding sites were blocked with mouse IgG. The slides were rinsed in 0.1% Triton X-100rPBS fol-Ž . lowed by the addition of PDGF-B Ab 5 mgrml . After incubation at 48C for 12 h, the slides were rinsed again in PBS, overlaid with biotinylated mouse anti-sheep IgG, incubated for 60 min at 378C, and rinsed in PBS. The Ž . slides were treated with streptavidin reagent Histofin for 30 min at room temperature, rinsed in PBS, overlaid with a solution of 0.05% 3,3, X -diaminobenzidine tetrahydrochlo-Ž . ride in 0.05 molrl Tris-HCl buffer pH 7.6 and 0.01% H O for 5 min at room temperature to allow color 2 2 development, and rinsed with distilled water. Mayer's hematoxylin was used as a counterstain.
Immunohistochemistry
Statistical analysis
Data are expressed as means " SE of three samples, which represented at least three separate experiments. Differences were analyzed by one-way ANOVA combined with Scheffe's test, and values of P -0.05 were considered to be statistically significant.
Results
Production of PDGF by coculture of monocytes with ECs
We first examined the induction of PDGF synthesis by coculture of monocytes with ECs at the protein level. secretion of PDGF was detected at a monocyterEC numerical ratio of 0.5. The secretion of PDGF was further increased by increasing the number of added monocytes up to a ratio of 5.
PDGF production upon separate coculture
We then analyzed the possible mechanism underlying the expression of PDGF induced by coculture of monocytes with ECs. To determine whether PDGF production by the coculture is mediated by direct cell-to-cell contact, we performed a separate coculture assay using an inner well system that physically separated monocytes on the upper compartment from the underlying EC layer on the lower compartment while allowing free diffusion of soluble mediators. As shown in Fig. 3 , PDGF secretion into the lower compartment by coculture of monocytes with ECs was substantially greater than that induced by separate coculture of monocytes with ECs, suggesting that direct adhesion between monocytes and ECs is essential for PDGF production.
Induction of PDGF mRNA expression by coculture of monocytes with ECs
The PDGF ELISA kit used in the present experiments detected mainly PDGF-AB, which is a heterodimer of PDGF-A and -B. We then examined the expression of PDGF-A and -B mRNA by coculture of monocytes with ECs. As shown in Fig. 4 , unstimulated ECs expressed low levels of PDGF-A and -B mRNA, while coculture of monocytes with ECs induced substantial amounts of their accumulation at 6-12 h.
Immunohistochemical staining of PDGF producing cells
We next clarified the cells producing PDGF in the coculture system by immunohistochemical staining. As shown in Fig. 5 , PDGF-B protein was not clearly immunolocalized in unstimulated ECs, whereas it was clearly Ž . detected in ECs stimulated with IL-1b 10 ngrml for 18 h Ž . positive control . In the coculture system, both ECs and monocytes were stained with anti-PDGF-B Abs.
InÕolÕement of matrix proteins in PDGF production
Recently, it has been shown that IL-8 and monocyte Ž . chemoattractant protein-1 MCP-1 production by monocyte-EC interaction are mediated via the matrix protein w x binding mechanism 40 . To investigate the involvement of this pathway in PDGF production, matrix proteins, soluble collagen, fibronectin and laminin, were added to the coculture system to block the cellular interaction. However, no significant inhibition of PDGF production was observed Ž . with these matrix proteins Fig. 6 . 
InÕolÕement of cytokines in PDGF production upon coculture
PDGF is produced by ECs exposed to proinflammatory cytokines such as IL-1a , IL-1b and TNFa. Since the coculture of monocytes and ECs secreted substantial amounts of IL-1a , IL-1b and TNFa in our assay system ŽIL-1a; 85.00 " 3.61 pgrml, IL-1b; 1634.00 " 491. 51 . pgrml, and TNFa; 317.00 " 121.33 pgrml at 6 h , it is possible that the production of PDGF by the coculture was mediated by these soluble factors. As shown in Fig. 7 , conditioned medium from the coculture of monocytes with ECs induced PDGF production by unstimulated ECs. We then examined the effect of neutralizing Abs against IL-1a , IL-1b, TNFa and IL-1ra on PDGF production. In compar-Ž . ison with the use of control Ab rabbit IgG , PDGF production by coculture-conditioned medium was significantly inhibited in the presence of Abs against IL-1b, TNFa or IL-1ra. Furthermore, when the Abs were used in Ž combination anti-IL-1a , anti-IL-1b plus anti-TNFa , or Ž . anti-TNFa plus IL-1ra , PDGF production was completely inhibited. However, these antibodies could not significantly inhibit PDGF production by the coculture when they were added to EC culture media before the addition Ž . of monocytes data not shown .
Discussion
The adhesion of monocytes to the endothelium during the early stages of atherogenesis has been observed in w x several animal model systems 41,42 . In addition, immunohistochemical analyses of human necropsy and carotid endoarterectomy specimens have demonstrated a similar involvement of monocytes in the early stages of atherogenw x esis 43,44 , indicating that adhesion of monocytes to the endothelium is an initial step in the development of atherosclerosis. We demonstrated here that PDGF, the major mitogen and chemoattractant for vascular smooth muscle cells, was expressed in both monocytes and ECs at the mRNA and protein levels as a result of their direct adhesive interaction.
Although the molecular mechanisms underlying adhesive interaction between monocytes and ECs is unclear, recent studies have shown that the direct adhesive interaction of cells would be regulated by various adhesion w x molecules on the surfaces of both interacting cells 45 . 48 demonstrated that adhesion of monocytes to TNFa-activated ECs via E-selectin was involved in the induction of CD36 and tissue factor on monocytes. In the present study, when Abs were used in the following combination; anti-E-selectin, anti-CD18, anti-VLA-4, anti-ICAM-1 and anti-VCAM-1, approximately 30% inhibition Ž . of monocyte adhesion was observed data not shown . However, mAbs against these molecules did not inhibit, but rather increased, PDGF production resulting from monocyte-EC interaction. Although the reason for this discrepancy is unknown, partial inhibition of monocyte adhesion might not be enough to inhibit PDGF production. Another possibility is that PDGF production resulting from monocyte-EC adhesive interaction might be mediated by w x other, as yet unknown, adhesion molecules 22,49 . In this regard, a novel monocyte-EC adhesion molecule recognized by mAb IG9 has been recently reported by Calderon w x et al. 50 .
Additional interactions between monocytes with ECs include the binding via matrix proteins as well as other w x specific receptor-ligand interaction 51,52 . Albelda et al. w x 53 reported that the production of IL-8 and MCP-1 by monocyte-EC adhesion was dependent on the interaction of monocytes with matrix proteins, possibly via b-inw x tegrins. Lukacs et al. 41 also demonstrated that IL-8 and MCP-1 production were increased during monocyte-EC interaction in part due to the matrix protein binding mechanism. However, in this study, we found that addition of matrix proteins had no effect on PDGF production by the coculture, and that mAbs against b1-integrins and GLY-ARG-GLY-ASP-SER-PRO peptide did not to inhibit PDGF Ž production resulting from monocyte-EC interaction data . not shown .
It has been shown that proinflammatory cytokines such w x as IL-1 and TNFa stimulate PDGF production 10-18 , and we found that substantial amounts of IL-1b and TNFa were produced upon coculture of monocytes with ECs. In this study, conditioned medium from the coculture had an effect on PDGF production by other cultured ECs. The blocking study using neutralizing Abs against IL-1b and TNFa revealed a significant inhibition of PDGF producing activity of coculture-conditioned medium, suggesting that these cytokines are at least partially involved in PDGF production induced by the cell-to-cell interaction. However, direct addition of IL-1b and TNFa Abs did not significantly abrogate the increase in PDGF production by the coculture, thus these cytokines can not explain all of the induction of PDGF.
Increased expression of PDGF gene is detected in human atherosclerotic arteries. Immunohistochemical and in w x situ hybridization analyses by Ross et al. 1,20 indicated that smooth muscle cells were the main site of PDGF-A mRNA and macrophages were the major site of PDGF-B mRNA in atherosclerotic lesions. In situ hybridization w x studies by Wilcox et al. 19 showed that PDGF-A mRNA Ž was associated with plaque mesenchymal cells presuma-. bly of smooth muscle origin , whereas PDGF-B mRNA was associated with ECs of the plaque vasa vasorum. Monocytes tend to accumulate underneath EC monolayers for prolonged periods during the development of atherow x sclerotic lesions 17 . The consensus view is therefore emerging that during development of atherosclerotic lesions, monocytes and ECs release PDGF through their adhesive interaction, which acts as a chemoattractant for medial smooth muscle cells migrating into the intima and stimulates their proliferation. PDGF is also required for smooth muscle cell accumulation during restenosis after w x arterial balloon angioplasty 54,55 .
In conclusion, the present study indicates that the direct adhesion of monocytes to ECs induces PDGF synthesis in both types of cells, suggesting that PDGF produced locally by monocyte-EC adhesive interaction plays an important role in the pathogenesis of atherosclerosis and restenosis after angioplasty by promoting the migration and accumulation of vascular smooth muscle cells. 
